Extract
The formation of disaturated lecithin in lung slices obtained from adult rabbit was studied. Radioactive precursors of the known biosynthetic pathways of lecithin were used.
Cytidine diphospho-(methyl-' ~)choline (CDP-(' C)choline) was the marker of the choline incorporation pathway. The label rapidly appeared in lecithins and subsequently in lysolecithin. As a function of time, the ratio of label in disaturated to total lecithin increased significantly. When the slices were preincubated with the radioactive precursor and then with excess nonradioactive precursor, the fraction of total lecithin radioactivity associated with disaturated species increased from 14.2 to 24.0% in 120 min.
Lecithin labeled with (1(3)-3H)glycerol and (1-"C)palmitic acid and containing a high percentage of unsaturated fatty acids was incubated with lung slices. After 1 hr, the ratio of 14c label in disaturated to total lecithin nearly doubled, and ' 4~ and 3~ in disaturated lecithin increased by 58% and 21 %, respectively.
After 60 min of incubation of liver slices with 1-acyl-2-lysolecithin labeled with $1(3)-3~)glycerol and (~-'~~)~a l m i t i c acid, the ratio of the H label in lecithin to lysolecithin was 2.0. In disaturated lecithin the ratio of H to ' C radioactivity was less than half of that in lysolecithin, and 61% of 14C radioactivity was associated with fatty acid esterified to position 2. Using S-adenosyl (methyk3H)methionine or phosphatidylethanolamine labeled with (1(3)-3~)glycerol and (I-' 4~) -palmitic acid as precursors, the radioactivity appeared rapidly and almost exclusively in unsaturated lecithins and reached a maximum after 60 min of incubation. Thereafter the specific activity of lecithin fell to half of its maximal value within 90 min. Lysolecithin became heavily labeled.
The data suggest that in lung slices obtained from adult rabbit a modification of the lecithin fatty acids takes place. Hydrolysis of an unsaturated fatty acid esterified to position 2 is followed by reacylation with a saturated fatty acid, possibly by a transacylation reaction from position 1 of another 1-acyl-2-lysolecithin molecule, to form diiaturated lecithin. The choline incorporation pathway of de n o v o formation of lecithin appears to combine with such a lysolecithin "loop" to form lecithin, which is considered to have better surfactant properties than unsaturated lecithin.
Speculation
Different tissues and, presumably, different cells within the same tissue roduce lecithins with different fatty acid composition and different surfactant properties. Although lung slices contain a heterogenous complement of cells, with variable metabolic capabilities, the existence of another pathway for the synthesis of disaturated lecithin is of potential functional significance. Further evaluation of the quantitative aspects of the "lysolecithin loop" must await the isolation and study of surfactant-producing type I1 alveolar cells.
The principal function of the surfactant lining the lung alveoli is to decrease the surface tension of the air-liquid interface and so to prevent the collapse of the alveoli. The main component of the surfactant seems to be disaturated lecithin, mainly dipalmitoyl lecithin, which is particularly effective in lowering surface tension (6, 9, 19) . In the lung unusually large amounts of lecithin containing saturated fatty acids are present. It has been shown that the surfactant obtained from endobronchial wash accurately reflects the surface active material of the whole lung (9) . In idiopathic respiratory distress syndrome of the neonate and perhaps in other conditions too, there seems to be a deficient production of surfactant lecithin (5, 1 1, 16, 18) .
The aim of the present study was to explore the pathways of synthesis of disaturated lecithin in the lung. Special attention was focused on the possibility of surfactant production through modification of preformed lecithin: removal of an unsaturated fatty acid followed by reacylation by a saturated fatty acid (1, 14) . Although the reactions involved have each been separately demonstrated in mammalian systems (7, 19) , an attempt at evaluation of the whole sequence in pulmonary tissue seemed warranted.
METHODS PREPARATION AND INCUBATION OF TISSUE
Adult female rabbits were decapitated under light ether anesthesia. Samples of lung tissue which weighed 1-2 g were rapidly removed and chilled in icecold Krebs-Ringer bicarbonate medium. Excess blood was removed by several washings of the tissue. Lung slices were prepared using a Stadie-Riggs slicer (22) . Tissue homogenates in Krebs-Ringer bicarbonate medium were obtained using a Potter-Elvehjem homogenizer, followed by filtering through cheesecloth. The incubation medium was Krebs-Ringer bicarbonate containing 6.9 mM glucose. When lysolecithin was the radioactive precursor, 3.5 mg/ml serum albumin Cfraction V from bovine serum (23)) was added. Incubation took place at 37' with shaking in flat-bottomed flasks. Tissue slices which weighed 60-80 mg of homogenate obtained from 60 mg tissue were added to 0.7 ml medium. Constant slow current of 95% O2 -5% C02 came through a hole in the cover of the flask during incubation.
LIPID ANALYSIS
After incubation with radioactive precursors, the slices were rinsed with cold medium, then 20 ml chloroform-methanol (2: 1) were added to each sample and the lipids were extracted by the method of Folch et al. (8) . Homogenization of slices and reextraction yielded less than 1% of the amount of phospholipid initially obtained; hence, reextraction was omitted. Because of the small amounts of lysolecithin in the tissue, unlabeled lysolecithin carrier was added. Phospholipids were isloated by means of twodimensional thin layer chromotography (21) . Commercial plates (24) were used. The first dimension was developed twice in chloroform-methanol-7 N aqueous ammonia (65:20:4) and the second in chloroformacetone-methanol-acetic acid-water (50:20:10:10:5). No hydrolysis of doubly labeled lecithin could be shown during thin layer chromotography. Phospholipids were located by brief exposure to iodine vapor, or in some cases using dichlorfluorescein (3). The results obtained were independent of the localization method used.
Disaturated lecithins were isolated essentially as described by Mason and associates (17) . The unsaturated lecithins were adducted in 1 ml saturated mercuric acetate overnight. After removing excess mercuric acetate, the adducted lecithins were separated from disaturated lecithins by one-dimensional chromatography in silica gel plates using chloroform-methanol-7 N aaueous ammonia (65:20:4). The amount of unsaturated lecithiAs (i.e., lecithins that contained one or several double bonds in fatty acid or acids esterified to the glycerol portion) was calculated by subtraction of the amount of disaturated lecithin from that of total lecithin.
Phospholipids were removed from the gel as follows. The appropriate area was scraped off the plate, 5 ml chloroformmethanol (1: 1) were added and the mixture was sonicated for 1 min. Thereafter, the gel was twice washed with chloroformmethanol. In six experiments using lecithin, l-acyl-2-lysolecithin, and phosphatidyl ethanolamine, an average of 92% of phospholipids were eluted. Solvents used were anaerobic and contained 0.004% of 2,6di-tert-butyl-p-cresol to prevent oxidation of unsaturated fatty acids. Evaporations were performed under nitrogen.
Phospholipid phosphorus was measured according to the method of Bartlett (4). All chemicals used were of analytical grade.
ISOTOPE TECHNIQUE
S-~denos~l-L-(methyl-3~)methionine (500 mcilmrnol), (1(3)-~ ~)~l~c e r o l (5.5 Cilmmol), and (1-' '~)~a l m i t i c acid (59 mCi/mmol) were purchased from the Radiochemical Centre (25) . C~~-( '~~) c h o l i n e (41 mCi/mmol) was a gift of NEN Chemicals G.m.b.H. (26) . Doubly labeled lecithin was prepared from rat liver. A young rat, aged 12 days, was injected intraperitoneally with 0.20 mCi (~-'~~)~a l m i t i c acid, and complexed with serum albumin and 1.2 mCi of (l(3)-3~)glycerol 90 min before decapitation. Lecithin and phosphatidylethanolamine were extracted from the liver and purified as described above. Lecithin contained 309 and 270 cpmlnmol of I4c and 3H counts, respectively. Four per cent of 'H label was associated with the fatty acid esterified in position 2. Phos hatidylethanolamine contained 107 cpm ' c and 109 cpm H activitylnmol. 1-Acyl-2-lysolecithin and 1-acyl-2-lysophosphatidyl ethanolamine were prepared from these compounds as follows: 3 pmol labeled lecithin or 1 pmol labeled phosphatidyl ethanolamine were incubated for 120 min in an anaerobic reaction vessel containing the following in a 7-ml solution: 0.7 mmol CaC12 and 0.7 mmol N-tris-(hydroxymethy1)methyl-2-aminoethane sulfonic acid (27) , pH 6.8, to which was added 0.1 mg phospholipase A2 (phosphatide acyl-hydrolase, EC. 3.1.1.4 (28)). The solution was overlaid with 20 ml ethyl ether. Lysophospholipid formed in the lower phase was washed three times with ether and finally isolated using thin layer chromatogra hy Lysolecithin used in experiments contained 150 cprn "Cm and 135 cpm 3H radioactivity/nmol. The corresponding activities in lysophosphatidyl ethanolamine were 99 and 116 cpm.
The distribution of the radioactivity between positions 1 and 2 of lecithin was measured essentially by the same procedure used in the preparation of lysolecithin. Carrier lecithin was added. After pholpholipase A2 treatment, the radioactivities were measured in the combined ether phase and in the material insoluble in ether.
Radioactivity determinations were made with a Wallac SC-20 liquid scintillation spectrometer using toluene-based scintillator. The 3~ and 14C activities were calculated according to the channels ratio method. Quenching was corrected for by internal standardization. The counting efficiencies for 14c and 3~ were 35% and 2076, respectively.
RESULTS

CHOLINE INCORPORATION PATHWAY
Preliminary studies were performed t o establish suitable conditions for the incorporation of CDP-(' C)choline into lung phospholipids. In all experiments, 0.6 pCi isotope was used. The rate of incorporation by lung homogenate in Krebs-Ringer phosphate was 0.3 cpm/nmol lecithinlhr, whereas the corresponding figures for lung tissue slices were 10.2 cpm/nmol/hr in Krebs-Ringer phosphate and 29.8 cpm/nmol/hr in Krebs-Ringer bicarbonate. The negligible rate of incorporation in the homogenate is apparently due to the marked inhibition of CDP-choline: 1,2-diglyceride choline phosphotransferase by Ca*, present in the medium (1 5). For further experiments the slice system was adopted. Preincubation of the slices for 30 min before the addition of isotope did not alter the results obtained without preincubation. Since transport per se was not studied, our data g h e n o clues to the question whether CDP-choline entered the slices as such or whether it was split before transport.
The time course of the incorporation of ~~P -( '~~) c h o l i n e into lecithin and lysolecithin is shown in Figure 1 . The specific activity of lecithin increased up t o 100 min of incubation and stabilized thereafter. Between 30 and 100 min, the apparent rate of lecithin synthesis via this pathway was 8.4 nmol/hr/ pmol phospolipid-P. However, since the specific activity of the precursor, be it CDP-(' C)choline itself or (' 4~) c h o l i n e after breakdown, was not determined, the term "apparent rate of synthesis" has been used and it represents a minimum estimate of the true rate. After short periods of incubation, most of the label was associated with unsaturated lecithins, but as a function of time the ratio of radioactivity in disaturated lecithins to that in total lecithin increased significantly (Fig.  1) . The radioactivity in lysolecithin increased at a slower rate than that in lecithin, but the sensitivity of the methods did not permit the determination of the specific activity of lysolecithin (expressed on the basis of total phospholipid phosphorus, Fig. 1) .
In a separate set of experiments, lung slices were preincubated with c~P -( '~C ) c h o l i n e for 15 min and thereafter the slices were transferred t o a new medium containing 1.4 pmol unlabeled CDP-choline. The radioactivities in total and disaturated lecithins after this pulse labeling are indicated in Table 1 . The incorporation into total lecithins continued at a low rate (cf. Fig. I) , and in the course of time the fraction of label in disaturated lecithins increased from 14.2% t o 24.0% of the total.
METHYLATION PATHWAY Preliminary studies indicated that both slices and homogenates of lung tissue were active in incorporating label from S-adenosyl-~-(methyl-3~)methionine into phospholipids. Again, it is possible that the precursor was split before transport into the slices. On the other hand, labeled phosphatidylethanolamine was not significantly utilized by tissue slices, presumably because of poor permeability, but was a good precursor of lecithins in homogenate experiments. Table 2 shows the incorporation of radioactivity from the precursors of the methylation pathway into the two classes of lecithin studied, as well as into lysolecithin. The fraction of label associated with disaturated lecithins was consistently less than 7% of total lecithin radioactivity after 60 min of incubation. Lysolecithin was significantly labeled, containing 23-39% of lecifhin radioactivity. When phosphatidylethanolamine labeled with (' palmit it ate and ( 3 ~)~l~ cerol was the precursor, the H/' c ratio remained unaltered in both classes of lecithins. Table 2 also shows that neither lecithin nor lysolecithin was significantly labeled by lysophosphatidylethanolamine. ' ' C data and HI1 C ratios are given for PE, only ' C incorporation for LPE. Mean c SE are indicated.
pCi cy tidine diphospho-(methyl-' Cjcholine (CDP-(' C)choline) and then incubated in fresh medium containing unlabeled CDP-choline (2 mM) for periods shown
in total and disaturated lecithins and in lysolecithin after incubation o f lung homogenates with either S -a d e n~s~l -( m e t h~l -~~) m e t h i o n i n e (SAM, 3.1 pCi), doubly labeled phosphatidylethanolamine (PE
The time course of the labeling of lecithins and lysolecithin by S -a d e n~s~l -~-( r n e t h~l -~~) r n e t h i o n i n e in lung slices is giveil in Figure 2 . The specific activity of lecithin increased rapidly up to a maximum at 6 0 min, whereafter it declined to 46% of the maximum at 150 min. The explanation for this decline is a problem which was not pursued further, since the pathway seemed to be of secondary importance to surfactant production. However, our findings with the other precursors suggest that the viability of the slices was not the limiting factor. During the first hour, the apparent rate of lecithin synthesis was 1.1 nmol/pmol phospholipid-P. Lysolecithin became labeled somewhat later and to a smaller extent than lecithin, and it, too, exhibited a decline in the course of time. Again, it was not possible to measure the amount and hence the specific activity of lysolecithin. The radioactivity incorporated into disaturated lecithins was consistently less than 2% of total lecithin radioactivity.
LYSOLECITHIN PATHWAY
The rapid appearance of radioactivity in lysolecithin and the apparent increase in the degree of saturation of lecithin, seen in the CDP-choline experiments, suggested to us that a pathway exists in lung tissue, the function of which is to alter the fatty acid composition of preformed lecithin. To explore this hypothesis further, lysolecithin labeled with (' C)palmitate and (3 H)glycerol was incubated with lung slices (Table 3) . After 60 min, 43% of 3 H and 55% of I4C radioactivity was recovered in lecithin plus lysolecithin, and of this total, 67-7375 was in lecithin. The apparent rate of lecithin formation was 13.0 nmol/hr/pmol phospholipid-P. Disaturated lecithin contained only 20% of the 3 H in total lecithin, but about 38% of the 14C. This relative enrichment of 14C radioactivity, which was contained in the fatty acid moiety of the precursor, was also reflected in the markedly lower H/' c ratio in disaturated lecithin as compared with the unsaturated species or the precursor.
Phospholipase A2 digestion of disaturated lecithin released 61% of ' 4~ radioactivity to the ether phase. According to this, more than half of the labeled fatty acids were bound to position 2 of disaturated lecithin.
To study the possibility that the (14c)palmitate in position 2 of lecithin was derived from hydrolyzed lysolecithin, a further experiment was conducted by adding 50 pg (195 nmol) of unlabeled palmitate, complexed with 5 mg defatted albumin (other conditions as shown in Table 3 ). Under these conditions, 30% of 14c label in lecithin was associated with position 2, whereas in the absence of added palmitate the corresponding fraction was 39%. Thus the distribution of label between the positions 1 and 2 of lecithin was little affected by the addition of excess unlabeled palmitate.
The modification of preformed lecithin by lung tissue slices was further examined by using lecithin prelabeled with TIME (min) (' 4~)palmitate and (3~)glycerol. After 60 min of incubation, 85% of the ' 4~ and 82% of the 3~ was recovered in lecithin plus lysolecithin, which had become labeled to some extent (Table 4) . Despite the decrease in total lecithin radioactivity,
there 'was a net increase in both H and ' 4~ associated with disaturated lecithin, but in both classes of lecithins the H/' c ratio changed only slightly. Precursor counts per minute and the HI1 C ratios are indicated as well as the counts per minute for the two isotopes and their ratios in the compounds after incubation. Results are means -?-SE of four experiments. DISCUSSION formed into lecithin. In the process, the 14c activity Mammalian lung tissue possesses two enzymatic pathways for the de novo synthesis of lecithin: the choline incorporation pathway and the methylation pathway. Available evidence suggests that the former is the predominant route, at least during postnatal life (13) . Both pathways are capable of producing disaturated lecithin, i.e., lecithin with two saturated fatty acids, which is the species with outstanding surfactant properties. It has been suggested that dipalmitoyl lecithin is produced mainly by the choline incorporation pathway and could serve as marker compound for this pathway, and that the same would apply t o palmitoylmyristoyl lecithin and the methylation pathway (1 1, 12) . No hypotheses have been presented t o explain such specificity in enzymologic terms. However, in addition t o the de novo pathways of lecithin formation, the reversible breakdown of the fatty acid moieties of lecithin can further modify the fatty acid pattern (14) . The importance of these pathways in the formation of surfactant lecithin in the lung is only partially understood (1, 2, 10). According t o the data of Frosolono et al. ( l o ) , lysolecithin is acylated with acyl-CoA in lung microsomes. However, the specific activities with unsaturated fatty acids were higher than with saturated fatty acids, which suggests that this pathway principally produces lecithin species needed for purposes other than surfactant function.
Our data suggest that a molecule of disaturated lecithin does not necessarily represent an end product of either de novo pathway but may represent the product of a remodeling process as follows:
This hypothesis is based on the following findings. 1. Both the choline incorporation pathway and the methylation pathway lead t o significant labeling of lysolecithin. The time course of this labeling is consistent with the notion that lecithin is the precursor of this lysolecithin (Figs. 1 and 2) .
2. With CDP-choline as the precursor, there is a time-dependent increase in the labeling of disaturated relative t o unsaturated lecithin. This was also demonstrated after the pulse labeling of tissue with the radioactive isotope (Table 1) . This serves as evidence against the possibility that the timedependent change in the distribution of label between lecithin species is due t o factors other than remodeling of lecithin (e.g., differences in the rate of incorporation of various diglyceride species or in the pool sizes between individual cells). Artifacts due t o damaged tissue or disrupted cells d o not seem likely, since the incorporation of radioactivity from CDP-(' C)-choline would be inhibited in a similar way t o our findings using homogenates, presumably due t o the presence of ~a * ions (15). 3. Doubly labeled 1 -acyl-2-lysolecithin is effectively transassociated with the fatty acid (palmitate) moiety is enriched relative t o the 3H. More than half of I 4 C radioactivity was associated with the fatty acid esterified t o position 2 of disaturated lecithin. Furthermore, the addition of an excess of unlabeled palmitate t o the incubation medium did not markedly change the distribution of label between positions 1 and 2 of lecithin. Therefore, it seems that principally transacylation between two lysolecithin molecules rather than direct acylation of lysolecithin is taking place. Consistent with this mechanism is also the low recovery of 3 H radioactivity in lecithin plus lysolecithin, the rest presumably accumulating in glycerophosphorycholine, which was not measured ( Table 3) . On the other hand, the present experiments d o not exclude the possibility that some disaturated lecithin is derived by straight acylation of lysolecithin.
4. Doubly labeled lecithin, when incubated with lung slices, is modified so that the radioactivity in the disaturated fraction shows a net increase, and lysolecithin becomes labeled. The 3~/ ' 4~ ratio in lysolecithin was similar t o the corresponding ratio in lysolecithin obtained by phospholipase A2 treatment (Table 4) . This is in agreement with the finding of high activity of phospholipase A2 in the lung (20) .
Thus, these observations suggest the presence of a deacylation-reacylation "loop" in the lung tissue of the adult rabbit, with the possible function of improving the surfactant qualities of preformed lecithin. The data also suggest that the choline incorporation pathway combines with the lysolecithin "loop" t o form disaturated lecithin, whereas the role of the methylation pathway seems t o be less important in this respect. Our data d o not permit calculations about the quantitative importance of the lysolecithin pathway. In any case, the assumption that a molecule of lecithin with a specific fatty acid composition is a marker for only a specific de novo synthetic pathway seems t o be unwarranted. Further studies with isolated alveolar type I1 cells, specific for surfactant production, are needed t o firmly establish the role of the various pathways in the biosynthesis of surfactant lecithin.
SUMMARY
In studies of lecithin synthesis in rabbit lung slices, evidence was obtained for the existance of a deacylation-reacylation "loop," which removes an unsaturated fatty acid from lecithin and substitutes it with a saturated fatty acid. The function of such a pathway seems t o be the production of disaturated lecithin, which has generally been found t o have better surfactant qualities than unsaturated lecithin.
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